The occurrence and ultrastructure of bacteria in leaf cavities of symbiotic Azolla caroliniana were examined by transmission electron microscopy. Bacteria were observed in all leaf cavities of Azolla cultures. Five ultrastructurally distinct types of bacteria were observed in each individual leaf cavity. Features used to characterize the bacteria included morphology, cell wall structure, and cytoplasmic organization. At least one gram-positive and as many as four gram-negative types of bacteria reside in leaf cavities of A. caroliniana. The morphological and ultrastructural characteristics of the gram-positive bacterium suggest that it is an Arthrobacter sp. The gram-negative bacteria could not be cultured; therefore, they have not been classified further. Bacterial cell shape and cell wall structure were similar in leaf cavities of different ages, but cell size and cytoplasmic composition varied. The relative contributions of each bacterial type to the total community within individual leaves was determined. Ultrastructural characteristics of bacterial isolates cultured from A. caroliniana in a free-living state were also examined.
The Azolla-Anabaena symbiotic association consists of small water ferns of the genus Azolla, prokaryotic cyanobacteria tentatively identified as Anabaena azollae, and a variety of bacteria. In this association, specific functions are performed by each of the partners. The cyanobiont fixes enough atmospheric N2 to satisfy both its own requirement for combined nitrogen and that of its host (19) (20) (21) (22) 27) , and the fern provides the endosymbionts with a carbon source in the form of sucrose (26) . Both Azolla caroliniana and A. azollae carry out photosynthesis of the higher-plant type (18) , thereby enabling each to fix atmospheric CO2 via the Calvin cycle (26) .
As mentioned above, in addition to the cyanobionts, bacteria are present in dorsal leaf cavities of Azolla spp. (11, 12, 15, 16, 24) . However, the role of bacteria in AzollaAnabaena symbioses, if any, is unknown. A number of investigators have classified these bacteria after isolation and subsequent characterization by biochemical and physiological tests (15, 24, 33) . Although it is agreed that rod-to coccus-shaped bacteria are present in Azolla leaf cavities, the taxonomic classification of these bacteria has varied. The bacterial isolates have been identified as Pseudomonas spp. (4), Alcaligenes faecalis, Caulobacter fusiformis (15) , and most recently Arthrobacter spp. (12, 24, 33) . Eubacteria identified as Arthrobacter spp. (24) have been isolated and cultivated from Azolla caroliniana, A. filiculoides, A. mexicana, and A. pinnata (12, 24) .
In ultrastructural studies ofA. caroliniana (6-8, 10, 23) , A. filiculoides (6) , and A. mexicana (16) , bacteria can be observed in transmission electron micrographs of sections of dorsal leaf cavities. However, detailed ultrastructural characterization of bacteria within Azolla leaf cavities has been reported only for symbiotic and cyanobiont-free A. mexicana (17) . * Corresponding author.
The primary objective of the present study was to examine the occurrence and ultrastructure of bacteria residing in leaf cavities of different ages of laboratory-grown A. caroliniana cultures. A secondary objective was to elucidate whether the symbiotic bacterial floras are similar in laboratory-grown and greenhouse-grown cultures. Last, the ultrastructural characteristics of bacterial isolates cultured from A. caroliniana in a free-living state were examined. The dorsal lobes from A. caroliniana leaves 5 to 8 (counted from the apical meristem on the main axis) were removed by dissection and used for bacterial isolations according to the procedure of Petro and Gates (24) . In brief, leaves were surface sterilized in 3% sodium hypochlorite, washed with sterile 5% sodium thiosulfate, and finally washed with sterile buffered water. Examination of leaf cavities to determine whether any had ruptured during the sterilization procedure and to check the efficacy of the procedure for removing surface contaminants was also carried out according to the method of Petro and Gates (24) . Ten surface-sterilized leaves were homogenized in 2 ml of sterile buffered water. To obtain bacterial isolates, dilutions of the homogenate were plated on Difco plate count agar. Bacterial isolations were performed on three separate occasions. Two bacterial isolates obtained independently of each other were used in this study. These bacterial isolates were subcultured, as described below, numerous times over at least 1 to 2 months before preparation for electron microscopy studies. 3630 
MATERIALS AND METHODS

Organisms
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Cultures were maintained by frequent transfer and harvested while growing actively.
In addition, A. caroliniana cultures were grown under standard greenhouse conditions without supplemental lighting in trays containing IRRI medium (35) lacking combined nitrogen. In some instances, IRRI medium was supplemented with garden soil. The plants used in the present study were collected in April 1988.
Bacterial isolates obtained from A. caroliniana were grown in a broth medium that was prepared so as to be nutritionally equivalent to Difco plate count agar (25) in a shaking incubator (25°C; 200 rpm). Exponentially growing bacteria were harvested for transmission electron microscopy studies.
Preparation of samples for transmission electron microscopy. A. caroliniana fronds were prepared for thin sectioning and electron microscopy by double fixation with glutaraldehyde and osmium tetroxide (OS04) as described previously (31) . The bacterial isolates were prefixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h at room temperature, and then the cells were concentrated by centrifugation and washed with sodium cacodylate buffer. The resulting cell pellet was resuspended in a small amount of molten 2% Noble agar (Difco) at 50°C. This cell-agar suspension was transferred to a glass microscope slide, allowed to solidify, and cut into small blocks (<1 mm on each side). The blocks were postfixed overnight at room temperature in 1% OS04 in 0.1 M sodium cacodylate buffer. Postfixed samples were washed twice with cacodylate buffer. Azolla fronds and bacterial isolates were dehydrated through a graded ethanol series and embedded in Spurr's low-viscosity epoxy resin (30) . Thin sections were cut with a diamond knife and retrieved on 200-mesh nickel specimen grids. The sections were poststained for 15 min with 0.5% uranyl acetate in water and 3 min with 0.4% aqueous lead citrate (28) or for 10 min with 4.0% aqueous lead citrate and 2 h with 2% aqueous uranyl acetate, which is a slight modification of the method of Ward and Claus (34) . The thin sections were viewed and photographed with a JEOL JEM-100CX transmission electron microscope operating at an accelerating potential of 80 kV. Leaf cavities of all ages from over 20 individual fronds were thin sectioned and analyzed. Quantitative data on the frequencies of morphologically distinct bacteria were obtained from cell counts which included a minimum of 200 cells. All of the bacterial cells present within electron micrographs of random fields were included in these counts.
RESULTS
The occurrence and ultrastructure of bacteria in leaf cavities of different ages were examined with A. caroliniana cultures. Bacteria were present in all leaf cavities, and the number of bacterial communities increased concomitantly with leaf age. Both cyanobacterial and bacterial symbionts were located peripherally within dorsal leaf cavities and were separated from the central cavity region by an inner envelope (data not shown) as described by Nierzwicki-Bauer et al. (17) .
Five ultrastructurally distinct types of bacteria were observed within leaf cavities of A. caroliniana grown under growth room (Fig. 1) or greenhouse (Fig. 2) conditions. Cell shape, cell wall structure, and cytoplasmic organization were used as bases for distinction between types. Longitudinal sections and cross-sections of each of the distinct bacterial types found in leaf cavities of laboratory-grown A. caroliniana are presented in Fig. 1 . Identical bacterial types were observed in greenhouse-grown Azolla cultures (Fig. 2) .
The five ultrastructurally distinct bacterial types found in association with A. caroliniana were designated Acrl to Acr5. Characteristic features of these unique bacterial types included morphology, cell diameter, cell wall structure, and accumulation of storage material. Acr5 was surrounded by a typical gram-negative cell wall. In contrast, a distinct peptidoglycan layer surrounding Acr2 was evident ( Fig. 1G ) after sections were stained for increased times with increased concentrations of lead citrate and uranyl acetate (see Materials and Methods). Acrl, Acr3, and Acr4 lacked a distinct peptidoglycan layer even after extended staining; therefore, these bacteria were classified as gram-negative organisms. Gram-staining reactions confirmed the presence of numerous gram-negative bacteria (data not shown). The characteristic features of Acrl to Acr5, as observed in young leaf cavities of A. caroliniana, are summarized in Table 1 .
While it was always possible to distinguish the unique bacterial types from one another on the basis of cell wall structure and cell shape, all types displayed variations in cell size and cytoplasmic composition between younger and older leaf cavities (Fig. 3) . For instance, a comparison of Acr5 present in leaf 14 (Fig. 3A) with Acr5 present in leaf 23 ( Fig. 3B) demonstrates both of these changes. Increased electron-transparent accumulations, which were likely to be glycogen on the basis of their appearance in glutaraldehydeosmium tetroxide-fixed material (9) , were observed in all bacterial types residing in older leaf cavities (Fig. 3B) . The accumulation of glycogen in cells present in older leaf cavities may indicate a microenvironment which is nitrogen deficient but carbohydrate rich. Under these conditions, many bacteria are known to store polysaccharides (36) .
Additionally, the bacteria associated with A. caroliniana contained inclusions of two different electron densities and various sizes. There was no apparent correlation between the number and/or type of inclusions and leaf age. Electrondense spherical inclusion bodies ranging from 0.02 to 0.15 ,um in diameter were observed in thin sections of Acrl, Acr2, Acr3, and Acr5 (examples are shown in Fig. 1A, B and J). On the basis of their appearance in thin sections, these inclusions are likely to be polyphosphate granules (29) . These were the most abundant inclusion bodies within Acrl, Acr2, and Acr5, regardless of age. In addition, electrontranslucent inclusion bodies were observed in bacterial types Acrl, Acr2, Acr3, and Acr4 (an example is shown in Fig.   1E ). These inclusions, which are likely to be poly-p-hydroxybutyrate granules on the basis of their ultrastructural characteristics in glutaraldehyde-osmium tetroxide-fixed material (29) , were most frequently observed in Acr3. A summary of the occurrence of storage granules within unique bacterial types is included in Table 1 .
The relative contribution of each bacterial type to the total bacterial community within a leaf cavity varied with leaf age. Nevertheless, all five bacterial types were present in leaves of every age. Quantitative data on the percent distribution of bacterial types within leaf cavities of different ages are summarized in Fig. 4 . The Acrl bacteria ( Fig. 1A and B Fig. 1J and K) made up over 50% of the total bacterial community in leaves 1 and 2 but constituted only 20 to 30% of the total between leaves 3 and 14. In older leaves, the Acr5 bacteria constituted 30 to 40% of the total community. With regard to cell division, examination of thin sections of Acr5 indicated that the mode of division was binary fission (data not shown). In addition, preliminary data suggest that Acrl, Acr3, and Acr4 carry out division via binary fission, which is common for gram-negative organisms. Acr2, which was present only in very low numbers (Fig. 4) , was not observed in the process of cell division.
Bacterial isolates obtained independently from A. caroliniana fronds were used for comparative ultrastructural studies with transmission electron microscopy. Exponentially growing rod-shaped cells similar in appearance to Arthrobacter spp. were observed in thin sections of each of the subcultured bacterial isolates (Fig. 5A) . This was the only bacterial type that was both isolated and cultured from A. caroliniana by the procedures employed (see Materials and Methods).
These cultured rod-shaped bacteria were approximately 0.5 to 0.6 ,um in diameter and had a cytoplasm that was densely packed with nuclear material and ribosomes. A typical gram-positive cell wall structure, with a distinct peptidoglycan layer, was evident in thin sections of these cells (Fig. 5) . In contrast, when observed in Azolla leaf cavities, the cytoplasm of Acr2 contained comparatively few ribosomes (compare Fig. 1C and SA) and the peptidoglycan layer was evident only after prolonged staining (Fig. 1G) . The cell division process of the bacterial isolates obtained from A. caroliniana (shown in Fig. 5 ) was quite similar, if not identical, to that reported for Arthrobacter spp. (13, 32, 34) . Cell division was initiated by simultaneous invagination of the cytoplasmic membrane and the peptidoglycan layer to form a division septum (Fig. 5B) . Septum formation continued until the cytoplasm was transected by a cross-septum. At this time, the cells were still attached and had a common outer membrane layer. Later in the process of cell division, daughter cells with a ruptured outer membrane were observed (Fig. 5C ). Dividing cells showing scars where the outer membrane of the cell wall had ruptured were seen in some instances (Fig. 5D ). This cell division mechanism was never observed in situ for eubacteria in the symbiotic state. However, as indicated above, the one bacterium that was classified as a gram-positive organism (Acr2) was not observed in the process of cell division.
DISCUSSION
Previous studies have characterized bacteria isolated from Azolla spp. and cultured in a free-living state (11, 12, 24, 33) . However, these studies have excluded the examination of symbiotic bacteria that were unable to grow under the specific isolation conditions employed. In contrast, the present study used direct electron microscopic examination of thin sections of Azolla leaf cavities for the preliminary classification of all bacterial symbionts found in association with A. caroliniana.
In agreement with results previously reported for three Azolla spp. (24) , increased numbers of bacteria were observed in A. caroliniana leaf cavities of increasing age. In addition, on the basis of quantitative analyses (from counts of bacteria in serial sections of leaf cavities of different ages), it was determined that total bacterial numbers were higher in leaf cavities of comparable ages for A. caroliniana than for A. mexicana. This result is in only partial agreement with data presented by Petro and Gates (24) , in whose study the numbers of bacteria in individual leaf cavities were higher in A. caroliniana up to leaf 8 and higher in A. mexicana for leaves older than leaf 8. However, the numbers obtained by Petro and Gates (24) include only those bacteria that were isolated aerobically on plate count agar. Thus, a number of bacteria present in Azolla leaf cavities may have been excluded in the Petro and Gates (24) study. Regardless of the quantitative method used, there is widespread agreement that in many Azolla species, very large bacterial communities are present in the cavities of older leaves. In fact, in some instances, the number of bacteria can actually equal the number of cyanobacteria (11) . In view of the large numbers of bacteria in Azolla leaves, it seems likely that they have a significant effect and function in the association. However, it remains unclear why A. caroliniana harbors more types as well as larger numbers of bacteria than A. mexicana.
In the A. caroliniana association, five morphologically and ultrastructurally distinct types of bacteria were present in each Azolla leaf cavity, regardless of age. In addition, the same five bacterial types could be identified in cultures grown under greenhouse conditions. These results suggest that a specific bacterial community is always associated with a specific Azolla species or strain. Supporting this conclusion are transmission electron micrographs of sections of leaf cavities of A. caroliniana cultures grown under a variety of conditions in different laboratories. In reports from those laboratories, bacteria that are readily discernible as Acr4 and AcrS (12) and Acrl, Acr3, Acr4, and Acr5 (8) are evident. In other instances, magnifications of the micrographs were insufficient for positive bacterial identifications to be made (10, 23) .
Although the results of this study demonstrate the presence of five ultrastructurally distinct bacterial types in A. caroliniana leaf cavities, it must be emphasized that this does not necessarily mean that these types represent five different genera or species of bacteria. Because a single organism can assume a variety of morphologies (i.e., be pleomorphic), the possibility remains that there are fewer than five unique bacterial types in association with A. caroliniana.
It is interesting to note that only one of the ultrastructurally distinct bacterial types, the helical bacterium, is observed in both A. caroliniana (Acrl) and A. mexicana (16) (Amxl). Therefore, the helical bacterium may be of particular interest for future studies because of its apparently broad host range.
Regarding identification and classification of the bacteria found in association with A. caroliniana, it can be concluded that only one of the bacterial types identified in this study, on the basis of morphology, ultrastructure, and cell division, is likely to belong to the genus Arthrobacter. In support of this statement are morphological and ultrastructural comparisons between the symbiotically associated bacteria and free-living Arthrobacter spp. grown under extremely varied conditions (1, 2, 5, 13, 14, 32 
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Transmission electron microscopy of the two bacterial isolates cultured in a free-living state in this study confirmed that an Arthrobacter sp. could be obtained from A. caroliniana leaf cavities. A distinct gram-positive cell wall structure (3) surrounding these bacterial isolates was evident. In contrast, an atypical cell wall structure with little or no peptidoglycan was reported for isolates obtained from four Azolla spp. (including A. caroliniana) in a previous study (33) . A possible explanation for these differences is the length of time for which the isolates were subcultured. In addition, fixation conditions inside the leaf cavity may differ from those used for the free-living isolates, which could influence the ultrastructural characteristics of the bacteria. Work is now in progress to taxonomically classify each of the distinct bacterial symbionts present in Azolla leaf cavities and elucidate their role in the association. 
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